represented by an increasing number of pixels within any particular series. The path length 1 8 1 increase along any particular vein is due the fact that at higher magnification it is being We have also shown that vein density measures will be more stable at larger FOV. As seen in procedure is most pronounced when the area sampled is roughly equal to, or smaller than, the 1 8 9
artificially inflated due to the lattice effects we describe above. As an extreme example,
consider an image of a single vein where the image encloses the vein but no other part of the 1 9 2 leaf. In this extreme case, LVD would be approximately the length of the vein divided by the 1 9 3 area of the vein (or its length multiplied by its width). Hence, an upper limit for LVD will be 1 9 4 the inverse of vein width.
9 5
The decreasing variance with increasing FOV is partially a consequence of the asymptotic 1 9 6 behaviour of lattices we describe above. As the number of areoles increases, both LVD and 1 9 7
VPD measures should stabilize. However, because our leaves are finite in size, the randomly 1 9 8 placed sub-sample windows used to create Fig. 4 can overlap, and thus many will have 1 9 9 sampled the same regions. Thus, some of the decrease in variance may be due to this factor 2 0 0 alone. This is unavoidable in finite sized leaves using this approach. Additionally, our 2 0 1 randomly placed sub-sample windows may fall on regions with low vein density, such as 2 0 2 along a primary vein (midrib) where investigators typically would not sample. We acknowledge that this could also increase the variance at small subsample window sizes. It is sample number with area sampled, which would also affect variance measures.
0 9
Explaining discrepancies between recently published results. In a recent paper, Sack et al. results we describe herein suggest that much of the discrepancy between these two studies can be attributed to the scale of measurement, thus, rather than disagreement, we find 2 1 5 multiple instances of accord between the two studies. Sack et al. (2012) report that they find higher mean vein density than our earlier study (Price differences are due to the fact that our images are unmagnified photographs, which may not 2 2 0 resolve all of the very smallest veins, yet which include all major veins." Our study explicitly Price et al (2011b). We note that there is nearly a 3-fold difference across species in the LVD is likely due to heterogeneity in the structure of leaf venation networks and lattice-type
effects at small scales, particularly when vein images do not contain entire areoles as can
occur in low vein density leaves.
3 7
Finally, Sack et al.(2012) found that total leaf vein densities do not vary systematically with
leaf size, yet criticized our study (Price et al., 2011b) , which also found the same statistically 2 3 9
invariant relationship, on the grounds that our conclusion was "not a property of the when examining minor veins (see Fig. 1 Figure 6), and show that small veins are the largest contributors to total vein length and,
moreover, that the total length of small veins is statistically invariant with respect to leaf area. This supports the idea that the images utilized in our earlier work contained sufficient between LVD and leaf area. potential benefit of adopting semi-automated approaches (Price et al., 2011) . Semi- stitching multiple images together to create mosaics (as in Fig. 3 ), and in the further While results at high magnification have higher variance than those at low magnification due measured at 10x will not have their results influenced by the issues we raise here, save the higher variance observed at small scales. However, as the range of areas and magnifications 2 7 7 sampled increases within a study, unintended biases may be introduced, particularly at small 2 7 8 sample sizes. For example, a sample measured at 5x may have a lower LVD than one 2 7 9 measured at 40x with a smaller FOV due simply to the phenomena we describe herein, and 2 8 0 not due to developmental, ecological or evolutionary drivers.
8 1
We have also addressed how to obtain magnified images of entire leaves using image- veins increases faster than the area of leaves (see Figure 5 ). Hence, we recommend that 3 0 4 efforts to link LVD with leaf size also specify the extent to which they address major and 3 0 5 minor veins. Our results demonstrate that LVD exhibits a strong and systematic dependence on the scale 3 0 8 of inquiry due to magnification effects, geometric lattice effects, and vein hierarchical effects. Our findings caution against using data obtained from multiple scales to make comparative reports can be attributed in part to these scale effects. Advances in image acquisition, and in measurements have the potential to increase the scale at which investigators collect data, Field of view -The physical size of object or part of object able to be imaged by a 3 2 0 microscope, reported in dimensional units, such as cm 2 .
3 2 1
Image size -the total number of pixels in the image (equivalently the total number of bytes 3 2 2 required for uncompressed storage).
Magnification -the ratio of an image's apparent size to its true size (e.g., objects in a 5x
image are 5 times their actual size). Resolving power -the minimum distance between two distinct features in the sample such 3 2 6
that they can still be visually resolved (reported in dimensional units, such as cm).
Resolution -the equivalence between pixels and a dimensional length (e.g., reported in 3 2 8 pixels/cm).
Biological specimens
We cleared and stained one leaf from each of the following five species: Banksia victoriae,
Hardenbergia comptoniana, Plumeria alba, Pittosporum moluccanum, and Wisteria
floribunda, following standard protocols (Gardner, 1975) . Specimens were collected locally
on the campus of the University of Western Australia (latitude -31.9 and longitude 115.8).
4
All species have hierarchical veins as commonly found in many Angiosperm taxa. We photographed each cleared leaf at 5x, 20x, and 60x magnification using a Nikon SMZ 3 3 7 800 stereomicroscope with a numerical aperture of 0.09, and stored leaf images as JPGs. The wavelength of light, assumed to be 0.53μm for white light, and NA is the numerical aperture
of the objective lens. When a digital camera is employed to acquire images, the image size 3 4 1 must be sufficiently large such that there are at least two pixels in the image spanning a specifications of the Nikon SMZ 800 we were able to determine that the camera does not
reduce the resolving power which is approximately equal to 3.6μm.
Multiple images were taken of each individual leaf at increasingly higher magnification.
4 8
Leaves were not moved so that each higher magnification image in the series represents a cropped to remove a scale bar, and down sampled by a factor of 1/6 to facilitate vein
measurement in LEAF GUI, resulting in images that were 297 x 297 pixels. The down
sampling factor was chosen so that the minor most veins in the 5x images were
approximately several pixels in diameter. Down sampling was done in the Matlab software , for images at 5x, 20x and 60x, respectively. Binary representations of the leaf veins were then created using a combination of local and software are available at www.leafgui.org and in Price et al. (2011) . Once the venation network was identified, we utilized standard methods to contract the vein
network to a single-pixel wide "skeleton". LEAF GUI uses the skeleton to estimate the total
length of the vein network within any image. We also identified a single-pixel wide "perimeter" to the vein network, and used this perimeter to estimate the total vein perimeter within any image. In high resolution images, skeletonization can introduce spurious vein tips. To confirm that the scale dependence in LVD we observe was not overly influenced by
errors introduced in skeletonization, we introduce a second parameter: vein perimeter density vein network and A is the area of the venation network (Fig. 1, SI Figs 1-15 In an earlier report, we laid out predictions for the number of edges, nodes, length and density 3 8 7 per unit area for three regular lattice types, triangle, square and hexagonal, ignoring finite size n, is simply n 2 . The total length of edges (i.e., veins) is equal to the total length of the vertical
and horizontal edges, which including the perimeter is n(n+1) + n(n+1) = 2n 2 + 2n in an area of size n 2 . Thus, the theoretical analogue to LVD is 2+2/n. However, if the outer edges are not included, then LVD should be equal to 2-2/n. One can see that for small n, i.e. small sample area with few or no complete areoles, vein density is sensitive to the area sampled, and may over or underestimate the value of LVD (even in the absence of noise), and which 3 9 7 approaches a constant value as n becomes large. Similar results are easily obtained for hexagonal and triangular lattices. Lattice scale effect on entire leaf images
We hypothesize that vein and perimeter density estimation are scale-dependent in the case of distance would be the circle radius, so the largest square would have side length of radius/2.2.
Dividing the maximum distance by a number greater than 2 allows multiple sub-sampling
squares to be placed within the leaf (we note that other choices would yield similar results).
1 7
The maximum square size for the H. comptoniana leaf was 3.61 mm a side or 13 mm 2 . At
each square size, 10,000 sub-sampling squares were randomly placed within the leaf without a function of increasing total leaf area. 
